Fiber spinning of anionic TEMPO-oxidized cellulose (TOCN) nanofibrils with polycations by interfacial polyelectrolyte complexation is demonstrated. The formed fibers were mostly composed of cellulose nanofibrils and the polycations were a minor constituent, leading to yield and ultimate strengths of ca. 100 MPa and ca. 200 MPa, and Young's modulus of ca. 15 GPa. Stretching of the as-formed wet filaments of TOCN/polycation by 20 % increased the Young's modulus, yield strength, and ultimate tensile strength by approximately 45, 36 and 26 %, respectively. Importantly, feasibility of compartmentalized wound bicomponent fibers by simultaneous spinning of two fibers of different compositions and entwining them together was shown. This possibility was further exploited to demonstrate reversible shape change of a bicomponent fiber directly by humidity change, and indirectly by temperature changes based on thermally dependent humidity absorption. The demonstrated route for TOCN-based fiber preparation is expected to open up new avenues in the application of nanocelluloses in advanced fibrous materials, crimping, and responsive smart textiles.
Introduction
Cellulose nanofibrils (CNF, also denoted as cellulose nanofibers, nanofibrillated cellulose, NFC, or sometimes microfibrillated cellulose, MFC) have drawn much attention in recent years due to their attractive combination of high mechanical and optical properties, renewability, availability, biocompatibility, and thus their potential for new advanced functional materials. [1] [2] [3] [4] [5] TEMPO-oxidized cellulose nanofibrils (TOCN) are a subcategory of CNFs which are chemically modified to possess abundant carboxylic acid groups on their surface and thus negative charge at neutral pH conditions. 6, 7 Due to their high density surface charge, TOCNs can be disintegrated from pulp with relatively low energy consumption to result in well-dispersed fibrils with very small diameters (typically 3 -5 nm). 6, 7 Versatility of CNF has been demonstrated in forming a myriad of versatile materials including transparent and water-resistant nanopapers, 8, 9 nanostructured foams, 10 cell-growth supporting hydrogels, 11 mechanically robust and transparent aerogels and membranes. [12] [13] [14] . Fibers based on CNF or TOCN have aroused particular interest in the nanocellulose research community, due to the inherent suitability of cellulose to form strong fibers. [15] [16] [17] [18] [19] [20] [21] [22] Especially, wet-spinning of CNF into a nonsolvent (i.e. coagulation bath such as ethanol or acetone) has been widely explored and exploited.
Inspiration derived from biological materials has been a prominent lead of thought in the realm of material science in recent decades. [23] [24] [25] Of biosynthesized fibers, spider silk has inspired multiple works for novel, tough and strong fibers, due to its excellent mechanical properties albeit being processed in aqueous and ambient conditions at near neutral pH. 26, 27 Wool is another biosynthesized fiber with several attractive properties and of significant commercial relevance. Individual wool fibers coil spontaneously into a spring-like morphology, commonly known as crimp, and this tendency endows some of the elasticity, porosity and thermalinsulation of wool-derived materials. 28 Crimp arises partially from the bicomponent fiber structure of two differing protein composition biosynthesized and assembled side-by-side into a single wool fiber. [28] [29] [30] [31] [32] The differing compositions observed in the wool fiber cause spontaneous crimping of the fiber through differential stress relaxation. [29] [30] [31] Recognition of the mechanism behind the crimping behavior of wool has led to wool-inspired synthetic self-crimping fibers and further to a number of approaches for reversibly crimping fibers, where differential swelling or thermal expansion of the different components were exploited, mostly described in patent literature, [33] [34] [35] [36] [37] whereas very few scientific publications on reversibly crimping fibers are available. 38, 39 One attractive direction of applications for such fibers has been responsive textiles that are able to reversibly change air permeability. 40 The mentioned fibers have all been processed with conventional fiber spinning processes typically utilizing special spinnerets.
Following the inspiration from the bicomponent fiber structure of wool has led us to consider alternate pathways to imitate such a side-by-side fiber structure embedded into CNF-based fibers.
Necessities for the chosen processing route are strong adsorption of the components and clear spatial segregation, i.e. compartmentalization in the final fiber. Appropriate material choices can be further expected to result in not only strong fibers but added functionalities, such as humidity or temperatureresponsive curling and crimping. For this end facile variation of the composition of the fiber constituents is also desirable.
Interfacial polyelectrolyte complexation (IPC, sometimes termed complex coacervation) spinning can be recognized as an attractive route for these ends. 41 IPC spinning is based on the spontaneous formation of a self-assembled continuous filament upon mechanical drawing of the interface of two solutions with oppositely charged polyelectrolytes and was first reported in 1998 by Yamamoto et al. 42 When appropriately set up the IPC spinning process is reminiscent of the interfacial polymerization of nylon-6 often seen as a science demonstration for students, see schematic representation in Figure 1 . 43 The attractive features of IPC include fully aqueous, environmentally friendly processing and feasibility of spinning multicomponent fibers. This combination of characteristics have been recognized as beneficial for preparation of fibers for biomedical applications. [44] [45] [46] [47] As an additional benefit, large scale high throughput IPC spinning has been demonstrated to be feasible. [48] [49] [50] While IPC spinning of colloidal materials such as carbon nanotubes and protein amyloids into strong fibers has been shown, [49] [50] [51] IPC spinning of CNF-based fibers remains yet to be demonstrated.
In this work we have prepared and characterized TOCN-based fibers through IPC spinning of the anionic TOCN with a polycation, namely poly(diallyldimethylammonium chloride) (PDADMAC) and chitosan. We have demonstrated spinnability and the stretchability of the wet filaments and after drying characterized the resulting structures, compositions and the mechanical properties of the fibers. Lastly we demonstrate the feasibility of forming well-compartmentalized TOCN-based bicomponent fibers with a side-by-side structure and show preliminary evidence for possibility of preparing humidity-driven, and indirectly thermally-driven, reversibly crimping TOCN-based bicomponent fibers.
Experimental
Materials. TOCN was prepared from never dried birch pulp by 2,2,6,6-tetramethylpiperidine-1oxyl (TEMPO)-mediated oxidation. 6 More accurately, the never-dried cellulose was suspended at a consistency of approximately 1.3 wt. % in water containing TEMPO (0.017 wt. %) and sodium bromide (0.17 wt. %). The TEMPO-mediated oxidation was induced by addition of 13% NaClO at room temperature under gentle agitation. The amount of NaClO was chosen to result in approximately 1.2 mmol/g charge density in the final product. A pH of 10.5 was maintained by addition of 0.5 M NaOH along the process. The reaction was considered finished when no more decrease in pH was observed. Finally, the pH was adjusted to 7 by addition of 0.5 M HCl. After the oxidation process the oxidized pulp was washed thoroughly with water and disintegrated 3 times through a fluidizer (Microfluidics Corp., Newton, MA, USA) leaving a hydrogel with a consistency of approximately 0.76 wt. %. This gel was further diluted with deionized water to the desired consistency and shaken vigorously to result in a homogenous, transparent dispersion that was stored at 4 °C for further use.
Bubbles were removed by bath sonication when necessary. Morphological characterization of the resulting TOCN dispersion by atomic force microscopy (AFM) is shown in Figures S1 and S2.
Rheological characterization can be found in Figure S3 . 
Rheology of TOCN dispersion and polycation solutions.
Rheological measurements were carried out at 20°C with TA Instruments AR2000 stress controlled rheometer equipped with a double concentric cylinder geometry with stator inner radius of 20 mm. Linear viscoelastic region in the oscillatory experiments was established with amplitude sweep at an oscillation frequency of 1 rad/s. Based on the results, frequency sweeps were then performed at 1 % or 10 % strain. Flow viscosities were measured by controlling the shear rate within 0.1 -1000 s -1 . Strain as a function of shear stress was measured by varying the shear stress from 0.005 to 100 Pa.
Investigating the feasibility of TOCN/polycation IPC spinning.
A small droplet (approximately 100 -300 µL) of the TOCN dispersion was placed on a horizontal polystyrene Petri dish and a droplet of similar size of the polycation (PDADMAC or chitosan) solution was pipetted next to it without the two droplets coming into contact yet at this stage.
Subsequently, the two droplets were brought into contact carefully with the tips of tweezers without further mixing of the droplets. Under the appropriate conditions a gel-like thin membrane formed at the interface of the two droplets preventing further mixing. Spinning was considered feasible, when the membrane at the interface was sufficiently strong to be grabbed with tweezers and dragged upwards to result in the formation of a continuous wet filament. See Supporting Video SV1 for demonstration, the blue droplet is 0.4 wt. % TOCN with Reactive Blue 2 as the dye, the pink droplet is 1 wt. % PDADMAC with Sulforhodamine B as the dye. In a typical preparation procedure, the PMMA block with the well pointing upwards was placed on the linear stage and filled halfway with TOCN dispersion. Polycation solution was pipetted on top of the TOCN dispersion resulting in a nearly horizontal interface at start. The interface was subsequently grabbed with inverted tweezers, which were carefully attached to an immobile support directly above the well. The linear stage was lowered at a constant velocity to produce typically a 180 mm long wet filament that was cut with scissors from the lower end. Lastly, if the wet filaments were not stretched prior to drying, they were secured at the ends to dry in order to prevent curling and longitudal shrinkage. The ends were first wrapped one or two rounds around a glass rod from both ends and carefully taped to the rod with adhesive tape. The drying was carried out in ambient conditions of 20 °C and relative humidity of approximately 30 %. See Figure 1a for the schematic illustration of the arrangement of the fluids and Supporting Video SV2 for a demonstration of the process. Figure 1c is a screen capture from the video SV2. In the video the blue droplet is 0.4 wt. % TOCN with Reactive Blue 2 as the dye, the pink droplet is 1 wt. % PDADMAC with Sulforhodamine B as the dye. In the video a similarly superhydrophobized (see above) glass test tube is used to allow for better viewing inside the container. 
Stretching of wet TOCN/polycation filaments.
For increasing alignment of the TOCN fibrils in the fiber, the wet filaments were stretched prior to drying. The upper end of the filament was attached to an immobile support while the lower end was clamped to a weight supported by the linear stage.
The length of the free wet filament was measured and the linear stage was then lowered at rate which corresponded to a strain rate of 4% / min. When a desired strain was reached, the linear stage stopped and the filament was allowed to dry while both ends were secured at the ends to prevent curling and longitudal shrinkage. For both types of experiments, when the reading from the thermometer or the humidity sensor was equilibrated at the desired temperature or relative humidity, a photograph of the sample was taken with intervals of five minutes to ensure that no further shape change was observed between subsequent photographs. At this state the sample was assumed to be equilibrated and a photograph of the equilibrated shape of the fiber was recorded, after which temperature or the relative humidity was changed to the other extreme.
To further demonstrate the possibility of reversible shape change of the bicomponent fiber driven indirectly by temperature changes, the fiber was placed at a moderate, constant absolute humidity corresponding to 30 % relative humidity at 20 °C. Subsequently, the temperature was cycled between 20 and 60 °C and photographs were recorded at both extremes as described above. Table S1 .
Scanning electron microscopy (SEM). Dry fibers were fractured in uniaxial tension as described in the section above for tensile properties, and subsequently attached to an aluminum stub with carbon tape and sputtered with a 5 nm platinum film (Emitech K100X). Imaging was carried out with a Zeiss Sigma VP scanning electron microscope at 1-2 kV acceleration voltage.
Fourier transform infrared (FTIR) spectroscopy. The spectra were recorded using a ThermoNicolet 380 spectrometer and ATR method on a diamond crystal. The spectra were collected from both fresh dried fibers and separately dried pure starting compounds. where FWHM is the full-width at half-maximum. It is important to note that the equations (2) and (3) hold for the (004) reflection which is a diatropic peak, but not for the (200) reflection which is a paratropic peak. 54
Wide-angle x-ray scattering (WAXS). WAXS measurements

Results and discussion
The feasibility of spinning a fiber from the complex interface of a TOCN dispersion and a polycation solution (i.e. PDADMAC or chitosan) was investigated for a variety of concentrations.
The experiment consisted of bringing individual droplets of the two components in contact and attempting to draw out a continuous wet filament from the formed interface. If a filament longer than 5 cm was possible to be drawn, the composition was considered feasible. The results are collected in Figure 2 and Table S2 . The feasibility of fiber spinning requires the formed gel-like interface to withstand the stresses exerted on it during the spinning process. As highlighted with the striated region in Figure 2 the general trend was that the lower the concentrations of both components, the more likely the combination was to be spinnable. However, subjectively an optimal region for robust and reproducible IPC fiber spinning was found at TOCN concentrations in the range of 0.1 to 0.4 wt.
% and polycation concetrations in the range of 0.1 to 2 wt. %, as highlighted by the hatched region in Figure 2 . Factors that seemed to reduce the spinnability, and even impede it, were the excessive resistance to flow of either component and reduced bridging of the TOCN fibrils when the polycationto-TOCN concentration ratio was high. Especially at high concentrations of TOCN the fiber spinning was either challenging or impossible due to gelation of the dispersion above a critical concentration. 55 While the rheology of the polycation solutions (see Figure S3a ) may be a factor affecting the spinnability of the composition, the shear stress and strain at which the TOCN gel yields was interpreted to be the most important parameter in this respect (see Figure S3b ). 11, 56 Surprisingly, all tested combinations of TOCN with chitosan concentrations were found to be spinnable. This contrast between PDADMAC and chitosan may be due to stronger bonding of the chitosan to TOCN via sugar-sugar interactions in addition to the ionic interactions. 9 For further investigations the TOCN concentration was chosen as 0.4 wt. % and both polycation concentrations were chosen as 1 wt. %. The accurate values of concentrations can be found from Table S2 in the Supporting Information.
The IPC spun wet filaments were handlable, flexible and transparent. A typical filament was able to support at least 20 cm of its own weight, which was generally more than 95% water. The TOCN dispersion and the polycation solution alone were flowing fluids that could not be handled as such semi-solid objects as the wet filaments. This leads us to suggest, in accordance with most previous works, that at the interface of the two components forms a load-bearing strong skin that prevents diffusion of the polycation deep into the filament, resulting in a core-shell strucutre. 42, 48, [57] [58] [59] [60] The majority solid component was interpreted to be TOCN based on the color of the wet filament (see Figure 1c ) when using dyed TOCN dispersion (blue) and polycation solution (pink, PDADMAC). This interpretation is further supported by FTIR spectra of the dried fibers and their respective components in Figure 3 , SEM images of the cross-section of the fiber later in Figure 5a ,d, and radial intensity profiles of WAXS diffractograms in Figure S4 .
The FTIR spectra of dried TOCN/polycation fibers and their respective components are shown in Stretchability of the wet filaments was investigated as stretching is known to induce orientation and hence enhance anisotropic mechanical properties. 17, 61 The wet filaments were stretched at 4 % / min until rupture and the strain-at-break was recorded. The highest strains-at-break were reached with chitosan reaching 35 %, but a more repeatable 20 % was reached while using either PDADMAC or chitosan as the polycation. The relatively low stretchability of the wet filaments was interpreted to result from failure of the complex coacervate skin, where low reversibility of multivalent ionic crosslinks did not allow further stretchability. How to allow higher plastic deformability to the coacervate skin is a question of interest to consider in further work, if higher stiffness and strength are to be attempted. The thicknesses of the produced fibers were highly constant (see Figure 4 and S5 for qualitative reference) and repeatable under appropriate conditions. As shown in Figure S6 with the TOCN/Chitosan composition, linear control over the resulting dry fiber diameter was achieved by varying the diameter of the well used for the two solutions during the spinning process when the well diameter was 7 mm or less. When using a well with a diameter larger than 7 mm, the dry fibers showed diameters smaller than what would be expected from the linear relation observed at smaller well diameters. We expect that this is a result of a larger volume-to-surface ratio in the wet filament when increasing the diameter of the well. As suggested above in this work and in earlier literature, the as-spun, wet filament is supported mainly by the formed complex skin at the interface. Thus, the components that are not adsorbed to the inner surface of the skin of the wet filament are free to flow downwards due to gravitational forces as if in a soft capillary. However, if the diameter of the wet filament is very small, capillary forces overcome gravitational forces, thus prohibiting mass transport down the filament. The gel-like properties of the inner TOCN-phase are also likely to reduce the tendency of the core-component to flow.
The cross-sections of the fibers when observed in the SEM showed typically nearly circular and non-hollow morphology, see insets in Figure 5a ,d (larger images available in Figure S7 in the Supporting Information). An important feature to note is that a very thin region along the surface of the fiber can be recognized to display a more smooth texture, a part of which is encircled in images in Figure 5a ,d. We consider this to be composed of the polyelectrolyte complex skin and possibly a small amount of free polymer dried on the surface of the skin. The surface texture along the side of the fibers shows the typical surface structure reported for IPC spun fibers, often called the nervation / veining pattern, as shown in Figure 5b ,c,e,f. 41, 57, 58 Some orientation can qualitatively be estimated to occur as the surface textures appear more aligned when the fibers have been drawn by 20 % before drying, in Figure 5c reducing the ultimate strain (46 and 41%) as has been observed in previous works. 17, 61 Comparing still to other CNF spinning methods, IPC spinning of TOCN/polycation fibers resulted in slightly higher ultimate strains and similar or somewhat reduced Young's modulus, yield and ultimate tensile strengths when compared to those produced by extrusion and coagulation or dry spinning as reported in the literature (see Table S1 ). [15] [16] [17] 20 . Fibers produced with microfluidics and oriented with flowfocusing show yield and ultimate tensile strengths notably higher, although Young's modulus remains similar to that of IPC spun TOCN/polycation fibers. 18 Orientation parameters computed from WAXS diffractograms suggest that the changes in the mechanical properties are due to increased orientation of the CNF in the fiber due to stretching prior to drying by 20% as the degree of orientation increased from 0.790 and 0.744 to 0.839 and 0.853 for TOCN/PDADMAC and TOCN/Chitosan fibers, respectively. These values are similar to those reported for CNF-based fibers prepared by extrusion into a coagulation bath. 15, 17 The WAXS diffractograms can be seen in Figure S8 and the orientation parameters are summarized in Table S3 .
One important fact to note about the process used here is that there is no extrusion step, where the CNF gel is sheared by flow through a capillary, such as a syringe needle or tubing. Shearing has been recognized to induce orientation in CNF dispersion. 16, 55 Without shear the fibrils orient only by lateral contraction during drying, by stretching when applied, and possibly by self-assembly at the interface.
This would suggest that the combination of the IPC spinning with shear-induced orientation prior to complexation and stretching could lead to further advances in the anisotropic mechanical properties. Characterization was carried out at 50% relative humidity. For averages and standard deviations of mechanical properties see Table S1 in Supporting Information.
Spinning of bicomponent filaments is next addressed using model compounds. A tightly bound, helical and strictly compartmentalized hybrid structure was formed when two separate polyelectrolyte complex filaments were spun simultaneously and twisted together to dry (see Figure 7 ). One filament was composed of TOCN complexed with chitosan and the other was composed of chitosan complexed with a mixture of microparticles with PSS to allow differentiation between compartments.
Constituents of the latter filament were selected for illustration purposes; i.e. for highlighting the On the other hand, Figure 8a shows the reversible shape-change of a slightly twisted bicomponent fiber composed of a TOCN/Chitosan filament and a chitosan-oleate filament upon changing the relative humidity at constant temperature. When the bicomponent fiber is cycled between 10 and 80 % relative humidity a small, yet observable change in the shape of the fiber occurs reversibly. The behavior is interpreted to result from selective absorption and desorption of water to and from the more hygroscopic TOCN/Chitosan component of the fiber. 62 The possibility of a shape change driven by differential thermal expansion was also considered, but this was not observed upon cycling of the temperature in dry conditions (see Figure S9 in Supporting Information). 8, 63 But interestingly, thermally reversible shape change was achieved indirectly as the humidity absorption changes as a function of temperature (see Figure 8b ). These results are taken to serve as preliminary evidence of the potential of IPC spun reversibly crimping bicomponent fibers. The authors recognized that further optimization of the described structure does not fit the scope of this work and warrants further research for textile applications and even for soft robotics. 
